Vancomycin-resistant enterococci (VRE) are increasingly important nosocomial pathogens and screening for colonization status is a mainstay in infection control. We implemented PCR-based screening during vanA-positive Enterococcus faecium outbreaks in four university hospitals in Copenhagen, Denmark. Xpert ® vanA/vanB was performed directly on rectal swabs and the vanA PCR result was used to guide infection control measures. Concurrently, all samples were selectively cultured including an overnight enrichment step. Diagnostic accuracy was calculated as well as turnaround time and the impact of the earlier available PCR results on infection control decision making. In all, 1110
Introduction
Glycopeptide resistance was detected in enterococci more than 25 years ago [1, 2] ; since then, vancomycin-resistant enterococci (VRE) have become important nosocomial pathogens associated with high mortality and costs [3] [4] [5] [6] . Glycopeptide resistance in enterococci is mediated by van genes, with vanA and vanB being the most prevalent [4] . Several European countries have reported a rising incidence of VRE in recent years [3, 7, 8] . In Denmark, a dramatic increase since 2012 has been due to multiclonal outbreaks of vanA-positive Enterococcus faecium [9, 10] .
It has been estimated that for every patient with a VRE infection detected in a clinical sample, up to ten patients are intestinal carriers of VRE [6] . Therefore, current guidelines recommend screening of patients at risk and implementation of isolation precautions for VRE carriers [11, 12] . Screening relies on selective culturing and/or detection of the resistance genes vanA or vanB by PCR [13] . The latter provides faster results, but is more costly. However, substantial indirect savings can be achieved by rapidly available results, as highlighted by a report from France, which compared the management of two simultaneous VRE outbreaks on two different wards [14] . Several studies have examined the diagnostic accuracy of various assays to detect vanA and vanB with or without a previous enrichment step [15] [16] [17] [18] [19] [20] [21] [22] [23] . Most studies showed a high diagnostic accuracy of vanA gene detection. However, sensitivities ranging from 43.5% to 100% and specificities from 79.2% to 99.6% have been reported. In contrast, the specificity of the detection of the vanB gene is considerably lower [16, 17, 22] , which is attributed to the presence of vanB-positive anaerobic bacteria [24, 25] .
In our laboratory, we have used a culture-based method using overnight enrichment and subsequent plating on chromogenic agar to screen for VRE. In autumn 2014, prompted by long-lasting VRE outbreaks, we implemented the Xpert® vanA/ vanB assay performed directly on rectal swabs. This fully automated system integrating DNA extraction and real-time PCR provides results within an hour. We used the vanA part of the assay to guide rapid implementation of infection control measures. Here, we evaluate the diagnostic accuracy of the Xpert® vanA/vanB assay and the impact on infection control decision making.
Materials and methods

Setting
Our laboratory serves the primary and secondary sectors of a population of 800 000 inhabitants in the northern part of the Capital Region of Denmark, including four university hospitals with a total number of 1577 beds and covering all internal medicine subspecialties and three intensive care units. The infection control units at these four hospitals are part of the clinical microbiology department and employ six infection control nurses.
Infection control measures
Our infection control algorithm is shown in Fig. 1 . For all VREpositive patients, isolation precautions are implemented. Diagnosis of VRE in a clinical sample results in roommate screening and isolation precautions are implemented until results are available. If any roommate is found positive, an outbreak is declared and all patients in the ward are screened weekly until no new patient is diagnosed with VRE. During weekly screenings, isolation precautions are implemented as soon as a positive VRE result is available. For roommate screening and weekly screening of wards, the routine culture-based screening is supplemented by vanA PCR. Before transfer of patients from an outbreak ward, PCR is performed and the implementation of isolation precautions is based on the PCR result. For VREpositive patients readmitted within 6 months after the last positive screening sample, isolation precautions are implemented at admission independently from screening results. In the case of readmission > 6 months after the last positive sample, screening is advised and the implementation of isolation precautions is individualized based on screening results and risk factors. In these cases, PCR is eventually performed.
Laboratory methods
Rectal swabs were taken with ESwab (Copan, Brescia, Italy). For phenotypic screening, ESwab transport medium was transferred to an enrichment broth (brain-heart infusion supplemented with 4 mg/L vancomycin and 60 mg/L aztreonam) either by shaking the flocked swab several times in the enrichment medium or by pipetting 100 μL. After overnight incubation, 100 μL of the enrichment medium was plated on selective chromogenic agar plates (CHROMagarTM VRE, CHROMagar, Paris, France) and read after 1 and 2 days of incubation. For vanA PCR-positive, but culture-negative samples, the culture protocol was thoroughly repeated. Species identification was performed by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (BioTyper, Bruker, Bremen, Germany) and a preliminary positive result was given if there was abundant growth of E. faecium on the selective chromogenic agar. Susceptibility testing for vancomycin and teicoplanin was performed by the EUCAST disc diffusion method [26] and determination of the MIC used a gradient strip (Etest, bioMérieux, Solna, Sweden) to confirm the vanA or vanB phenotype. PCR-based screening was undertaken by the automated system GeneXpert using the Xpert® vanA/vanB assay (Cepheid AB, Solna, Sweden). One hundred microlitres of the ESwab transport medium was added to the sample reagent and further handled as recommended by the manufacturer. In case of invalid or error results (PCR inhibition or technical error), the assay was repeated once. Only vanA PCR results were reported to the requesting wards as a preliminary result and used for guidance of infection control measures. The vanB PCR results were not reported. PCR was performed on the same day if the sample arrived in the laboratory before 16.00 h, all days of the week.
Data collection
Sample arrival date, laboratory results, dates of preliminary and final results and sample indications were prospectively collected. For final analysis, data were supplemented with patient identification from the laboratory information system. The impact of the vanA PCR result on infection control measures was estimated by calculation of 'isolation days saved' (number of days from negative PCR result to final negative culture result) and 'transmission risk days saved' (number of days from positive PCR result to preliminary or final positive culture result).
Statistical analysis
The computer program "R: A language and environment for statistical computing", version 3.0.2 (R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org/) was used for statistical analysis. For comparison of categorical data, Fisher's exact test was used. For comparison of numerical data, unpaired groups, the Wilcoxon rank sum test was used. Twosided p 0.05 were considered statistically significant. Sensitivity, specificity, and positive and negative predictive values with 95% CI were calculated using the R package DTCOMPAIR. 
Ethical considerations
Results
From 30 December 2014 to 15 August 2015, 1110 VRE screening samples from 804 patients were examined both by the culture-based method and by PCR. The samples were from 24 different departments from four different hospitals. In 1067 (96.1%) samples, PCR was performed and reported the same day, the sample was received in the laboratory. The median turnaround time for culture results was 3 days (mean 3.2; range 3-9 days).
In 35 (3.2%) samples, invalid or error results were obtained after the first PCR analysis and for 11 (1.0%) samples, repeated analysis did not give a result either. Of the 1099 samples where a PCR result was obtained, 152 (13.8%) were positive for the vanA gene and 167 (15.2%) were culture-positive for an Enterococcus species (all E. faecium) with the vanA phenotype Table 2 . Discrepant results between culture and vanA PCR were further investigated. In 12 of the 22 PCR-negative samples, from which a vanA phenotype E. faecium was cultured, PCR was repeated on the ESwab transport medium and two were found positive with high circles of threshold (Ct) of 36.9 and 38.2. PCR was also performed on the isolates from the 20 remaining samples and they were all vanA PCR-positive. Of the 145 culture-positive samples that had been vanA PCR-positive, most (n = 135) were culture positive after 1 day of incubation of the chromogenic agar, whereas the remaining ten samples (6.9%) were only positive after 2 days of incubation. In comparison, eight of the 22 culture-positive samples that had been PCRnegative (36.4%) only turned positive on the second day of incubation (Fisher's Exact Test, p < 0.001).
On the other hand, seven samples were found vanA PCRpositive, but culture-negative. Ct values of the culturenegative sample were significantly higher (median 32.9; range 24.1-38.3) than Ct values of the culture-positive samples (median 22.9; range 12.8-37.8) (Wilcoxon rank sum test; p < 0.001).
To calculate the test accuracy of the Xpert® vanA/vanB assay, culture results complemented with information from the patient's earlier and later samples were used as a reference standard. For the analysis of vanA PCR, four of seven vanA PCRpositive, but culture-negative samples were classified as 'true positives': three samples from the same patient from which phenotypically vancomycin-susceptible (MIC 1 mg/L), but vanApositive E. faecium was isolated by non-selective culturing (unpublished data, Holzknecht BJ) and one sample taken under linezolid therapy from a patient with VRE culture-positive samples 15 days earlier and 28 days later. The sensitivity of the vanA PCR assay was 87.1% (95% CI 82.1%-92.2%), the specificity was 99.7% (95% CI 99.3%-100%) and the positive and negative predictive values were 98.0% (95% CI 95.8%-100%) and 97.7% (95% CI 96.7%-98.6%), respectively. The specificity and positive predictive value of the vanB part of the assay were low at 77.6% (95% CI 75.1%-80.1%) and 0.4% (95% CI 0.00%-1.2%), respectively.
The majority of the samples (n = 1033; 93.1%) were taken as weekly screening samples from 12 different outbreaks during the study period. Thirty-seven (3.3%) were roommate screening samples, 14 (1.3%) were taken at readmission, 13 (1.2%) at transferral from outbreak wards and 13 (1.2%) for other indications (Fig. 1) . A total of 141 isolation days could be saved as a consequence of faster available negative PCR results. The saving of time due to rapidly available positive PCR results corresponded to a total of 292 saved transmission risk days. On the other hand, false-negative or false-positive PCR resulted in six additional transmission risk days and 13 additional isolation days (Fig. 1) .
Discussion
This study describes the performance and impact of the Xpert® vanA/vanB assay, when performed directly on rectal swabs, in the setting of vanA E. faecium outbreaks.
Of the 1099 samples with available PCR and culture results, only 29 showed discordant results: seven were vanA PCRpositive, but culture-negative and 22 were culture-positive, but vanA PCR-negative. Vancomycin-resistant isolates cultured from samples that had been PCR-negative, were vanA PCRpositive, which confirms that false-negative PCR results, when performed directly on the sample, were not due to alterations of the primer binding sites. Two results suggest that discordant results often occurred in samples with low bacteria counts. Ctvalues of vanA PCR-positive, culture-negative samples were significantly higher than Ct-values in culture-positive samples. Likewise, the culture-positive, but vanA PCR-negative samples were significantly more often positive after 2 days of incubation of the chromogenic plate than PCR-positive samples, which might also indicate a lower bacteria count. In the implementation phase of the Xpert® vanA/vanB assay, investigation of vanA PCR-positive, culture-negative samples had actually led to a change in the culture protocol from plating 10 μL to 100 μL of enrichment broth on the chromogenic plates to increase sensitivity (data not shown).
Using culture results complemented with information from patients' follow-up samples as a reference standard, the diagnostic accuracy of the vanA part of the Xpert® vanA/vanB assay was excellent and in accordance with previous studies [20, 22, 23] . However, one previous, but far smaller, study found both a lower sensitivity and a lower specificity of the assay [19] . As there was only one sample that was culture-positive for vanB-positive VRE, we could not fully analyse the diagnostic accuracy of the vanB part of the assay. However, the large proportion (22.3%) of false-positive vanB PCR results is in accordance with previous studies [16, 17, [21] [22] [23] .
Two findings underline the strength of PCR-based screening. First, investigation of vanA PCR-positive, culture-negative samples from the same patient led to the isolation of phenotypically vancomycin-susceptible, but vanA PCR-positive E. faecium. An outbreak with a similar strain has been described and infection control management similar to VRE seems prudent [27, 28] . Second, a presumably false-negative culture result was obtained under linezolid therapy.
The strengths of the diagnostic accuracy study are the large sample size and the prospective and thorough comparison of the Xpert® vanA/vanB assay with the selective culture method, including further investigation of discordant samples by followup samples to define a robust reference standard. Drawbacks are that we report a single-centre study. However, it has been shown that several outbreak clones and multilocus sequence types are circulating in our region [10] . A systematic study of genetically diverse strains would though be necessary to finally conclude on the generalizability of our results.
Using the Xpert® vanA/vanB assay, 96.1% of screening results were available within 1 day, whereas the median turnaround time for selective culturing was 3 days. Based on the time interval between available PCR and culture results, we calculated saved isolation days and saved transmission risk days as a consequence of earlier suspension or implementation of isolation measures. However, these numbers might be overestimated, as patients might have been isolated for other reasons or dismissed from the hospital before results were available. Besides saved transmission risk days, earlier available positive screening results from roommates also led to faster outbreak declaration and implementation of additional infection control measures such as screening of all patients, enhanced cleaning, enforcement of hand hygiene and staff teaching. We have seen a faster control of VRE outbreaks after the implementation of PCR-based screening. However, as this is part of a bundle approach we cannot determine the isolated value of the PCR assay (Mogensen and Midttun, Infection Prevention And Control Canada 2016 National Education Conference, Poster 84). Detailed health economics calculations are beyond the scope of this study. However, considering the assay's official price in Denmark of 661 DKK (approx. V 89) per sample and estimated additional costs per isolation day of 3350 DDK (approx. V 451) [29] , we feel that saving 141 isolation days and 292 transmission risk days as a result of 1110 PCR analyses is a considerable impact and worth the costs. This is more important when the psychosocial consequences of a VRE outbreak situation and isolation precautions for patients and staff members are also taken into account. We have therefore maintained the assay for VRE outbreak management.
In conclusion, the vanA PCR of the Xpert® vanA/vanB assay had a high diagnostic accuracy and considerable impact on infection control decision making in our setting.
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